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ABSTRACT: Structural and electronic changes (oxidation states) of thgClslltomplex of photosystem II

(PSII) in the water oxidation cycle are of prime interest. For all four transitions between semistable S-states
(S5— S, SI— S S — S, and 34— ), oxidation state and structural changes of the Mn complex
were investigated by X-ray absorption spectroscopy (XAS) not only at 20 K but also at room temperature
(RT) where water oxidation is functional. Three distinct experimental approaches were used: (1)
illumination-freeze approach (XAS at 20 K), (2) flash-and-rapid-scan approach (RT), and (3) a novel
time scan/sampling-XAS method (RT) facilitating particularly direct monitoring of the spectral changes
in the S-state cycle. The rate of X-ray photoreduction was quantitatively assessed, and it was thus verified
that the Mn ions remained in their initial oxidation state throughout the data collection per@@d4, at

20 K and at RT, for all S-states). Analysis of the complete XANES and EXAFS data sets (20 K and RT
data, 3—Ss, XANES and EXAFS) obtained by the three approaches leads to the following conclusions.
(i) In all S-states, the gross structural and electronic features of the Mn complex are similar at 20 K and
room temperature. There are no indications for significant temperature-dependent variations in structure,
protonation state, or charge localization. (i) Mn-centered oxidation likely occurs on each of the three
S-state transitions, leading to the Sate. (iii) Significant structural changes are coupled to the-$%;

and the $— S; transitions which are identified as changes in the-N#n bridging mode. We propose

that in the $ — S transition a third Ma-(u-O),—Mn unit is formed, whereas they S~ S; transition
involves deprotonation of a-hydroxo bridge. In light of these results, the mechanism of accumulation

of four oxidation equivalents by the Mn complex and possible implications for formation of th@ O

bond are considered.

Photosynthetic water oxidation, the light-driven oxidation ion as further cofactord(2). The MnCa complex, including

of two water molecules yielding reducing equivalents, the ligating amino acid residues, is commonly denoted as
protons, and the byproduct dioxygen, takes place in photo-the oxygen-evolving complex (OEC). In several decades of
system Il (PSII} a cofactor-protein complex embedded in  intense research, a wealth of relevant insights has been
the thylakoid membrane of higher plants, green algae, andobtained by extensive characterization of the reaction kinetics
cyanobacteria. The specific locus of water oxidation is a (2). However, at the atomic level, the intricate mechanism
tetramanganese complex bound to amino acid residues abf the water oxidation reaction is only insufficiently under-
the lumenal side of the D1 protein subunit of PSII; it stood.

presumably contains one calcium and, perhaps, one chloride Driven by the sequential absorption of four light quanta
by PSII, the OEC cycles through five increasingly oxidized
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comprises the abstraction of one electron from the OEC by 37); thermal barriers in the interconversion between substates
an oxidized tyrosine residue ¥ [D1-Tyr-161 @)]. The Yz of the OEC could lead to temperature-dependent properties
radical is created by the transfer of an electron fromtY (38—40). Thus, one can imagine that during illumination of
the oxidized primary donor, ¢&", a chlorophyll cation PSII at low temperatures or during freezing of previously
radical previously created in the primary light reaction by illuminated PSIl samples, states of the Mn complex are
electron transfer. The;State of the OEC is stable in the formed which differ from the reactive states at room
dark, and the higher S-states, with the exception of the S temperature. To judge the relevance of low-temperature data
state, are stable for up to several minutes at room temperaturdor the mechanism of water oxidation, it clearly is important
(5). S decays spontaneously (without additional light input) to compare the structural and electronic properties of the Mn
to form S with liberation of a dioxygen molecule. complex at cryogenic temperatures with those at room
X-ray absorption spectroscopy (XAS) can provide infor- temperature (RT).

mation about the nuclear geometry and some electronic The structural and electronic properties of the Mn complex
properties (e.g., oxidation states) of biological metal centers and the changes occurring in the course of the S-cycle are
(6—10). Empirically, the position of the K-edge on the energy still debated. Diverging low-temperature XAS results an S
scale has been found to be correlated with the formal have been obtaine@%, 25, 41—44). The $ state investigated
oxidation state of Mn7, 11-14). The shape of the edge by low-temperature EXAFS in re45 was populated by a
reflects the coordination number (number of ligands in the protocol involving ADRY reagents and thus may not
first coordination sphere) and coordination geometry (for a necessarily be identical to the “nativey Sate created solely
review, see ref). The oscillatory structure observed in the py jllumination. First, structural RT data on; Bave been
EXAFS region of an XAS spectrum can be attributed to a presented (RT EXAFS spectra in 12f), but neither the §
free-electron backscattering phenomerits).(The final state structure nor the oxidation state changes (RT XANES
wave function of the photoelectron created by X-ray absorp- spectra) were addressed. In this investigation, we study the
tion is discussed in terms of an outgoing wave centered atstructure and oxidation state of the Mn complex for all four
the absorber position and backscattering of this free-electrons.-states by XAS at cryogenic temperatures (20 K) and at
wave by neighboring atoms of the first few coordination room temperature. Whereas EXAFS represents the primary
spheres. These neighboring atoms are thus denoted astructural tool used in these investigations, the XANES
“backscatterers”. EXAFS analysis allows for the determi- comprises significant information about the electronic struc-
nation of absorberbackscatterer distances at an accuracy ture (see above). Since the changes in electronic and
that may be better than 0.02 A. First-sphere ligands are geometric structure in the S-cycle are intimately interrelated,
always detected in the EXAFS; more distant atoms may be e combine the XANES and EXAFS analysis of all four
resolvable, and atoms more th® A from the absorber  S-states in a single work. The thus obtained results facilitate
cannot usually be detected. The EXAFS oscillations origi- a comprehensive discussion of the structural and oxidation

nating from heavy backscatterers (Mn and Ca) are different state changes in the S-cycle and the emerging mechanistic
from the EXAFS oscillation of light backscatterers (O, N, implications.

and C) and significantly stronger so that heavy backscatterers
at distances of<4 A are usually visible @10, 15). The MATERIALS AND METHODS
XAS method is particularly well-suited to monitoring of
structural and oxidation state changes at the metal sites of Sample Preparation and S-State Populatiésll-enriched
metalloenzymes which occur in the course of the catalytic membrane particlegl) were prepared from market spinach
cycle (16, 17). using glycine betaine as a stabilizer in all medid, (47).
Biological metal centers mainly have been studied by XAS The oxygen evolution activity of the preparations under
at cryogenic temperatures, precluding direct observation of Saturating white-light ilumination was 126a.400umol of
structural changes by time-resolved XAS measurements.Oz (mg of Chiy™* h™ at 28°C. For the preparation of PSII
Furthermore, at low temperatures, redox equilibria might be membrane multilayers, PSII membrane particles were dis-
shifted, leading to a modified location of some radical states; Solved at 1 mg/mL Chlin a medium containing 15 mM NacCl,
a temperature dependence of functionally relevant spin state® MM MgCl,, 5 mM CaC}, 1 M betaine, 10% v/v glycerol,
and protonation equilibria can hardly be excludé8, (L9). and 25 mM MES (pH 6.2). Glycerol was added to maximize
A promising approach to So|ving these prob|ems is the the amount of centers which prOduce the “multiline” EPR
investigation of the catalytic cycle of metalloenzymes by Signal @8, 49) which can be attributed to,Sinder illumina-
XAS on noncrystalline samples at temperatures at which tion at the expense of the ERR= 4 signal which has been
biological catalysis actually takes place, i.e., at or close to attributed to a modified Sstate 60, 51). Theg = 4 signal
room temperature16, 20—22). The oxidation state and Was not detectable in our PSII samples (data not shown).
structural changes of the Mn complex have been investigatedAn artificial electron acceptor, PPBQ, was added at a final
by XAS mostly at temperatures below 100 K (see réfs concentration of 200uM. Multilayer samples of PSII
13, 14, 16, and23—28). At cryogenic temperatures, electron Mmembranes on Kapton foil (sample dimensions ca. 15 mm
transfer between Mn and,Ys impaired and water oxidation ~ x 2.5 mm) were prepared by a centrifugation proceddf (
is inactive @9, 30); specific low-temperature effects on the ©Or by a drop-and-dry protocol (unpublished).
structure and/or redox properties of PSII cofactors have been The centrifugation procedure of rdfl yielded samples
reported 29—35). A more pronounced decrease in the rate which were employed in the XAS measurements at 20 K
of electron transfer from Mn to X* during the oxygen-  and in the flash-and-rapid-scan XAS experiments at room
evolving transition, 8§, — S, below temperatures close to temperature. Immediately after the preparation, these mul-
0 °C has been attributed to changes at the Mn com86éx (  tilayers (thickness of~75 um) were simultaneously il-
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luminated from both sides by a single actinic flash from two largely suppressed scattered X-rays and visible light, respec-
xenon flash lamps (fwhm~ 5 us, 4 > 400 nm). In tively. Samples were exposed to plain air at the temperature
combination with the subsequent dark adaptation period, this(18 &+ 2 °C) of the climatized experimental hutch of the
protocol maximizes the proportion of centers inadd the beamline.
amount of centers with oxidized pY(41, 47). After the (2) Flash-and-rapid-scan XAS spectra at room temperature
preflash, samples were partially dehydrated by drying over were collected by simultaneous scanning of a Si220 crystal
silica gel in a desiccator at a reduced air pressure (400 mbar)monochromator (detuned to 70% of the maximal flux, scan
for 2 h at 4°C and in complete darkness (dark adaptation range of 6500-7100 eV, X-ray spot size on the sample of
period of 2 h). For preparation of samples enriched in higher ~1 mm x 1 mm) and the undulator gap [rapid-scan mode
S-states, three different procedures were used. (1) Theof ID26 (52)] as previously described?(, 22). Only one
samples later used for XAS experiments at 20 K were scan with a duration of 12 s was performed per sample spot
illuminated from both sides simultaneously by zero, one, two, on dark-adapted samples 12 separate spots per sample);
or three xenon flashest (> 400 nm) to yield samples on laser-flash-illuminated samples, only a single scan was
enriched in the § S, S;, or § state, respectively. Only for  performed. A total of 25 different batches of multilayer
S, EXAFS samples were dark-adapted multilayer samples samples from nine different PSIl membrane particle prepara-
illuminated by actinic white light (400 nn¥ 4 < 750 nm) tions was used. The X-ray flux was reduced by a factor of
at 200 K in a dry ice/ethanol bath for 2 min to yield PSIl in  25—35 with respect to the maximal flux by thin aluminum
S,. After illumination, samples were rapidly frozen (within and Kapton foil filters. When filters were used, it was
<1 s) in liquid nitrogen (for a maximum of 14 days) until checked by XAS scans on sample holders covered with
they were used at the synchrotron radiation source (illumina- several layers of Kapton that no signals due to Mn
tion-freeze or flash-freeze approach of the S-state population).contamination of the filter (or of any other origin) were
(2) In the flash-and-rapid-scan XAS experiments, the higher detectable (absence of any Mn K-edge feature).
S-states were populated by applying laser flashes (see below (3) Sampling-XAS measurement&Qdj rely on the moni-
and refsl6, 20, and21) to the samples at room temperature toring of the time course of the X-ray fluorescence intensity
immediately before the start of data collection (flash spacing (20 ms acquisition time per data point) at a fixed excitation
of 400 ms, last flash givenr200 ms before the opening of  energy (time scan of fluorescence). Time scans were carried
the fast beam shutter and the start of the XAS scans). Forout at 100 excitation energies ranging between 6539 and
sampling-XAS experiments, multilayer samples were pro- 6930 eV. Between 5 and 10 time scans were carried out at
duced directly before the XAS measurements at the beamlineeach excitation energy employing a fresh sample for each
from stock solutions of PSII membrane particles-8&6mg scan (total of~750 samples). During the time scans, a series
of Chl/mL) by the drop-and-dry procedure. (3) Enrichment of nanosecond laser flashes (flash spacing of 400 ms; see
of the higher S-states was achieved by simultaneous lasermbove) was fired. Samples were positioned in the X-ray beam
flash illumination (frequency-doubled Q-switched Nd:YAG by a computer-controlled sample changer. A rapid beam
laser; Quantel Brilliant, fwhm of 5 ns, 532 nm;150 mJ shutter blocked the X-ray beam during automated sample
per pulse) of the sample from both sides. During flash exchange and positioning. At both synchrotron radiation
illumination, the sample was kept at room temperature and sources, the excitation angle between the electric field vector
exposed to the X-ray beam as previously descrili€iZ0, of the X-ray beam and the normal to the surface of the PSII
21, 41). By oxygen polarimetry on redissolved multilayer multilayers was 55[magic angle $3)]. Energy calibration
samples, it was verified that the oxygen evolving capacity was facilitated by simultaneous measurements of the absorp-
of PSII was almost unchanget{0%) after both procedures tion of the narrow pre-edge feature (centered at 6543.3 eV)
of multilayer preparation and partial dehydration of samples. of a KMnO, powder sample mounted in front of a detector
Each XAS sample contained100—150 g of chlorophyll at the end of the beamline.
and an estimated Mn concentration-efl mM. Data Evaluation for the 20 K and Flash-and-Rapid-Scan
X-ray Absorption Measurementd) XAS measurements  TechniquesThe energy axis of each raw XAS spectrum was
at the Mn K-edge at 20 K were performed at the EMBL calibrated using Gaussian simulations of the pre-edge peak
bending-magnet EXAFS beamline D2 at HASYLAB (DESY, of KMnQO, to determine precisely its energy position; the
Hamburg, Germany) during six measuring periods using an accuracy of the energy calibration procedure itself is
energy-resolving solid state 13-element germanium detectorestimated to be better thah0.1 eV @2, 41). Then, XAS
(Canberra) for fluorescence detection as described elsewherspectra were averaged after appropriate weighting to account
(41). The Si111 crystal monochromator was detuned to 70% for the different signal-to-noise ratios resulting from slight
of the maximal flux. Samples were kept in a helium cryostat variations in sample thickness, scattering background, and
(Oxford) at 20 K under-200 mbar of helium gas. The X-ray ~ X-ray beam intensity. The final XAS spectra represent the
spot size on the samples wa$ mm x 1 mm. The scan  average of 3680 individual scans. XAS spectra were
duration (6406-7100 eV) was~20 min. normalized and EXAFS oscillations extracted as outlined in
XAS measurements at room temperature were carried outrefs 7 and54. The energy scale of the EXAFS oscillations
at undulator beamline 1D26 of the European Synchrotron was transformed to a wavevector scalkes€ale) using an
Radiation Facility (ESRF) in Grenoble, France, during three energy threshold Hy) of 6540 eV. EXAFS data were
measuring periods. Manganese X-ray absorption spectra wereaveraged to yield 100 data points per spectrum equally spaced
measured by monitoring the excited X-ray fluorescence on ak scale and then weighted Iy to compensate for the
perpendicular to the incident beam by a PIN photodiode (3.8 drop in EXAFS oscillations with energy.
cn? active area, Eurisys Meassures). A 4@ chromium Data Evaluation for the Sampling-XAS Techniqé®r the
filter and a 1Qum aluminum foil in front of the photodiode  collection of sampling-XAS spectra at room temperature, the
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protocol outlined in detail in re20 was employed. (i) Rapid
XAS scans (65087100 eV) with a duration of 12 s were
performed on dark-adapted samples with the Mn complex
in S; (no flash illumination) at room temperature. In these
measurements, the X-ray flux was reduced by filters so that 1
the lag phase observed in the time course of X-ray photore-
duction of the Mn complex in Sasted for~20 s @1). From
these rapid scan spectra, a room-temperature reference
spectrum of $was derived by normalization as outlined
above. (ii) Time scans of fluorescence with a duration of 5

S (20 ms per data point) were performed on dark-adapted
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samples; during the first seconds of the time scans, three

laser flashes spaced by 400 ms were fired. (iii) After the

time scan, on the same sample spot a rapid XAS scan {6500 B
0,1

7100 eV) with a duration of 12 s was performed under the
same conditions. The raw fluorescent&ne scan traces
were normalized, and the data points falling into a time
interval of 400 ms before flash 1 and after flashe3were
averaged. Sampling-XAS spectra were constructed from the
averaged data points using the continuous-sgap&ctrum

as a reference (basically, the normalized fluorescence changes
induced by flashes 43 were added to the;Seference

normalized fluorescence
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spectrum to yield the XAS spectra after these flashes). The 0 e -
room-temperature sampling-XAS spectra were thus obtained 6540 6550 6560 6570

relative to the greference spectrum by data collection within

a time interval of only 400 ms after the laser flash that photon energy [eV]

initiated the respective S-state transition. FIGURE 1: XANES spectra of the Mn complex in four S-states.

; ; ; (A) K-Edge spectra measured at 20 K for samples prepared by the
Simulation of EXAFS Spectrapectra were simulated by lash-freeze approach. Top traces are spectra without flash illumina-

a least-squares procedure using the in-house software SimX;on (oF, black) and with illumination by one (LF, blue), two (2F,
(55). Complex phase functions for different elements in the red), and three (3F, green) flashes of light. Bottom traces are
various shells of backscatterers were calculated using FEFFdeconvoluted K-edge spectra of the four S-states. (B) K-Edge
[version 7 66)] on the basis of a model which comprises P24 OB IR 1 FATITEEES RERIRCI00 me on  dark.
two d"M'.OXO'b“dged Mn pairs mterconnected by & mono- adaptped sample and after illumination by zero to three flashes.
-0xo bridge. The amplitude reduction fact&?, was 0.85; Colors are as in panel A. Bottom traces are deconvoluted K-edge
in the simulations, a value fd&, of 6547 eV was consistently  spectra of the four S-states. Dots represent measured data points,
used. The quality of the least-squares fits was judged by and lines are spline curves through the data points drawn to guide
calculation of the Fourier-filtereR-factor (R¢) after the curve thde eye. The IfntShEtsdm panellst '?‘j and tB show the magnified pre-
fit itself, as described elsewher@?). Exclusively, the ~ ©99¢ region ot ihe deconvoluted spectra.

unfilteredk®-weighted EXAFS oscillations were used in the
fit process. Fourier-isolated EXAFS oscillations (as obtained

by back-transformation of a limited distance range of Fourier .
y g XANES Spectra of the Mn Complex in Its Four S-States.

transforms into thek space) were not employed in the )
simulation process because interference phenomena may< NES spectra of the Mn complex were recorded using two

contribute to the EXAFS of the Mn complex due to the methods. (1) The flash-freeze approach was employed for

presence of oscillations with closely spaced distances, thereby's'State popul_ation; XANES spectra were recorded at 20 K.
causing misleading simulation resul 7). (2) At RT, time scans of the X-ray fluorescence were

recorded during illumination with a sequence of laser flashes,
RESULTS for a set of selected X-ray energies. Figure 1 (top traces in
each panel) shows the XANES spectra after zero, one, two,
The Mn complex of PSIl may become significantly and three flashes measured at 20 K (Figure 1A) and RT
reduced upon X-ray irradiation (photoreduction), even during (Figure 1B). For a quantitative discussion of the shifts in
XAS measurements carried out at 20 K employing moderate the K-edge position and of changes in the shape of the
irradiation intensities§8). In XAS measurements at room K-edge spectra upon each S-state transition, deconvolution
temperature, Mn photoreduction is acceleratis] 20—22). of the flash spectra is necessary to yield the pure S-state
The initial photoreduction of the Mn complex at 20 K and spectra (see the Supporting Information, II).
at room temperature was characterized for all S-states (see The deconvoluted XANES spectra (bottom traces in each
the Supporting Information). According to the results of this panel of Figure 1) measured at 20 K (Figure 1A) and RT
quantitative characterization, experimental conditions have (Figure 1B) are remarkably similar. Inspection of the
been optimized so that only negligible X-ray-induced difference spectra (Figure 2) confirms that the same spectral
modifications of the PSII Mn complex took place within the changes are observed for XAS data collection on frozen
duration of the XAS experiments. The fraction of the Mn samples at 20 K and for immediate data collection at RT
ions that remained in their initial oxidation exceeded 90% (and within 400 ms of the flash-induced transition). We note

in all experiments discussed below (see the Supporting
Information, ).
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room temperature, we consistently find a significant shift of
the K-edge position to a higher energy, on all three oxidizing
transitions (Table 1). The magnitude of each of these shifts
(~0.7 eV) is compatible with oxidation of one Mn ion in
each of the three oxidizing transitions. The specific changes
in the shape of the X-ray edge observed during the-$;
transition are straightforwardly explained by assuming a
transition from five-coordinated Mh to six-coordinated
Mn' (see the Discussion).

Direct Obseration of Spectral Changes by the Time
Scan-Sampling-XAS Approachlt represents a specific

' ' advantage of the time scasampling-XAS approach that
6540 6550 6560 6570 by recording time scans of the excited X-ray fluorescence
photon energy [eV] during application of a laser flash sequence even small flash-

FiURE2: XANES differences spectra— Differences in the edge ~ Induced changes become directly observable (Figure 3). At
spectra of Figure 1A for the pure S-states, collected at 200K. (  the selected X-ray energy, the direction and relative extent
Differences in the edge spectra of Figure 1B for the pure S-states, (relative to the other flash-induced transitions) of the changes
obtained by the time scarsampling-XAS approach at RT. The in the X-ray absorption associated with the individual flash-
dotted line has been drawn approximately through the center of j,4.,ced transition can be immediately judged, prior to

the negative peak in the,S S, difference spectrum, to emphasize - -

the shifts in the energy of the maximal changes in the XANES Subséquent data analysis which eventually leads to the
spectra. normalized spectra shown in Figure 1B.

Figure 3 (top) shows, for selected excitation energies, time

Table 1: Changes in the K-Edge Energies of the Mn Complex upon scans of the X-ray fluorescence during which three laser

normalized fluorescence

Four S-State Transitiofs flashes were fired. In the rising part of the X-ray edge (Figure
K-edge difference in K-edge 3, 6549 eV), the first flash (S— S;) and the second flash
energy of the energies of the (S; — S3) induce absorption decreases essentially identical
S staté (eV £ 0.1) S-state(eV) in magnitude, whereas at 6553 eV the second flash decrease
data set E: Ei—E E:—E E—E E —Es is significantly smaller. At 6560 eV, immediately prior to
20 K 6551.62 0.58 0.76 071 —-2.05 the principal edge maximum, the first flash induces an
RT 6551.79 0.57 0.79 0.70 —2.06 absorption increase, whereas the second flash causes a

2 The values correspond to spectra measured at 20 K and RT by thedecrease proving a crossover of the &id § spectrum
sampling-XAS technique’ K-Edge energies were derived by the between 6553 and 6560 eV. Thus, the main characteristics
“integral method” 7) from deconvoluted spectra that can be attributed of the XANES changes associated with-S S, and S —
to the pure S-states (see Figure 1) using integration limits o011 S; transitions are directly visible in the time scan data.
of spectra previously normalized to an edge jump of uny. In Figure 3, the fluorescence time scans in the EXAFS

range of 66356860 eV indicate only minor absorption
that the XANES and difference spectra of Figures 1 and 2 changes upon the first flash (S~ ), but relatively
are remarkably similar to the data of #8. Visual inspection pronounced absorption changes upon the second>(Ss)
of Figure 1 reveals that the upshift in the X-ray edge is and third flash ($s — So), immediately suggesting that, in
similar in magnitude for each of the three oxidizing transi- comparison to the S— S, transition, the — S; and S 4
tions (§ — S, S — S, and $ — ). The Mn K-edge  — g transitions are associated with significant structural
energy of each S-state was quantified by the “integral changes. By EXAFS simulations of complete spectra, we
method” described elsewherg, G9) (Table 1). find that the EXAFS amplitude at 6820 eV is closely related

In contrast to the §— $; transition, during the §— S to the magnitude of the second peak of Fourier-transformed
transition a particularly pronounced shift is observed in the spectra. In the time scan of Figure 3, at 6820 eV a relatively
rising part of the edge (particularly negative value in the high absorption after two flasheszj%ind a particularly low
difference spectra at 6550 eV, Figure 2). Furthermore, only absorption after three flashes (Populated) are clearly
during the $— S transition is a signifcant increase in the visible. This direct observation reinforces the crucial finding,
absorption around 6558 eV detected (positive value in the discussed below, that the amplitude of the second FT peak
difference spectra). We note that, in the 20 K data, the is approximately the same in 8nd S, particularly high in
crossover point of the Sand S spectra and the extent of  S;, and particularly low in §
absorption increase at 6558 eV depend critically on the EXAFS Spectra: Not Decoaluted. In Figure 4, low-
accuracy of the normalization of the XANES spectra. In this temperature EXAFS spectra of dark-adapted samples and of
respect, the RT sampling-XAS method is superior becausesamples exposed to one to three illuminations (illumination-
changesn the absorption become directly detectable in the freeze approach, Figure 4A) as well as room-temperature
time scan data (discussed below) and the difference spectrapectra obtained by two different methods [flash-and-rapid-
are clearly less susceptible to normalization inaccuracies. Thescan approach (Figure 4B) and sampling-XAS approach
good agreement between 20 K and RT data thus also(Figure 4C)] are shown. Visual comparison of Figure 4
confirms the achieved accuracy in the normalization of the reveals the following points of special importance.

20 K data. (i) 20 K wversus RT Spectraln the room-temperature

In summary, by the analysis of Mn K-edge spectra of the spectra, FT peaks | and Il are broadened and their magnitudes

four S-states measured at 20 K and, for the first time, at are reduced with respect to those of the 20 K spectra (Figure
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Ficure 3: Laser flash-induced X-ray fluorescence changes during the S-state cycle. The top panel shows time scans of X-ray fluorescence
at selected excitation energies in the region of the K-edge and in the EXAFS. The time resolution was 20 ms per point. Arrows denote the
points in time where the three laser flashes were fired. Dots represent the fluorescence levels obtained by averaging of the data points
before, between, and after the flashes. The shown transients have been obtained by averaging of transients measured at excitation energies
within ranges of 2 eV (K-edge region) and-105 eV (EXAFS region) around the indicated center energies. The bottom left panel shows

the room-temperature K-edge spectrum from dark-adapted samples. The bottom right panel shows the rEspeigkieed EXAFS

oscillations on an energy scale. Arrows indicate the respective excitation energies of the traces shown in the top part of the figure.

4A). Otherwise, the changes (amplitude of EXAFS oscilla- 3A, 20 K). In contrast to this result, ins$he obtained value
tions at higherk values, magnitude of FT peaks | and Il) is slightly greater than 1.5. One 2.7 A interaction per Mn
associated with the individual S-state transition are qualita- atom suggests the presence of two Mn pairs separated by
tively similar in the 20 K and RT data. 2.7 A, whereas a value of 1.5 points toward the presence of
(i) Changes in the Second Fourier Pedlhe magnitude  three such pairs in the Mrcomplex. The mean MaMn
of the EXAFS oscillations fok values greater than 7 Ais distance is approximately the same (2.71 A) ina8d S,
approximately equal inSand S, increased in the two-flash ~ slightly larger in § (2.74 A), and clearly larger (2.76&.77
sample, and lowered again by application of the third flash. A) in S,. The Debye-Waller parameter of the MaMn
The same holds for the magnitude of FT peak II, in all three interaction in g is approximately twice as large as in the
sets of spectra. other S-states, pointing toward the presence of two-Mn
Structural Information Acquired by EXAFS Simulations. Mn vectors of significantly different length, but with a mean
The spectra shown in Figure 4 were simulated by an unbiasedvalue close to 2.76 A.
approach, employing only two shells of backscatterers (O/N  Simulation of the EXAFS spectra collected at RT using
and Mn). This two-shell approach already roughly accounts the two-shell approach described above results in basically
for the main EXAFS features, namely, for the two most the same coordination numbers and distances for the Mn
prominent FT peaks. Consistently, we find that in the dark- Mn shell and a similar trend for the first-coordination sphere
adapted Mn complex and after one and three illuminations parameters. As anticipated, the absolute values of the
the number of Ma-Mn vectors~2.7 A in length per Mn Debye-Waller parameterg, are increased due to thermally
atom in the complex is relatively close to one (Table 2). activated dynamic disorder. Also at RT, in comparison to
After two light flashes, however, wheny & predominantly those of the other S-states, the Deby&aller parameter is
populated, a number of these vectors close to 1.5 isfound to be significantly increased in.9n conclusion, the

determined. 20 K and RT EXAFS data point toward the same structural
The raw EXAFS oscillations (Figure 4, left) were decon- changes in the course of the S-state cycle.
voluted (see the Supporting Information;-IV) to yield the Table 3B refers to an advanced, knowledge-based simula-

spectra that can be attributed to the pure S-states (Figure 5)tion approach described in the following and more exten-
(We refrain from analyzing the deconvoluted sampling- sively discussed elsewher@, 2, 57).

EXAFS spectra because of their limitkdange.) By using First Coordination Sphere (primary ligands to Mrijhe

the simple two-shell approach (Table 3A), we find that the XANES spectra of the PSHMn complex point toward the
overall Mn—O/N distance in the primary ligand shell of Mn  presence of mostly six-coordinated and perhaps some five-
(direct ligands) decreases when advancing frogno\&r § coordinated Mn ions7). Because of the likely presence of
to $, and remains approximately the same inThe EXAFS several short Mau-O distances (171.9 A) and a broad
coordination number of the primary O/N ligation shell range of longer terminusligand distances (1:92.4 A) in
determined by curve fitting is slightly increased in, S the mixed-valence complex, a particularly broad distribution
providing a (weak) indication of an increase in the number of Mn—ligand distances is anticipated. In Table 3A, the radial

of Mn ligands. distribution function of the first-sphere ligands is modeled
The two-shell simulations of the 20 K spectra yield a by a single Gaussian function, where the width of this
coordination number of the MAMn interactions~2.7 A in function is given byo, the Debye-Waller parameter. This

length relatively close to 1 in the,SS,, and $ states (Table  representation of the radial distribution is not fully adequate;
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Table 2: Results of Two-Shell Simulations of EXAFS Spectra
Collected after Zero, One, Two, or Three llluminatidns

Ni (per Mn)R.(A)/ai(A)
Mn—0O,N? Mn—Mnb Re (%)

OF 4.55/1.858/0.112 1.24/2.712/0.045 27.2
1F 4.48/1.849/0.091 0.96/2.711/0.033 21.7
2F 4.79/1.848/0.087 1.41/2.736/0.047 20.4
3F 4.65/1.857/0.099 1.25/2.742/0.065 22.3
RT (rapid-scan XAS) OF 4.17/1.849/0.114 1.09/2.716/0.082 35.2
1F 4.23/1.842/0.116 1.02/2.708/0.084 36.8
2F 4.68/1.844/0.098 1.49/2.730/0.079 33.6
3F 4.37/1.850/0.104 1.20/2.741/0.080 28.5
OF 4.07/1.851/0.111 1.13/2.713/0.069 23.7
1F 4.27/1.842/0.108 1.09/2.712/0.066 24.3
2F 4.89/1.839/0.104 1.32/2.738/0.062 20.9
3F 4.29/1.845/0.112 1.24/2.742/0.090 32.8

aN;, coordination number per Mn atorR, distance between the
absorbing Mn and the backscatterer;Debye-Waller parameterr,
filtered error factor 22) (calculated for a range of reduced distances
of 1-3.5 A). Fits ofk3-weighted EXAFS oscillations were performed
for k values ranging from 1.8 to 11.87A (20 K), from 1.8 to 11.4 A
(RT, rapid-scan EXAFS), and from 1.8 to 9.9 A (RT, sampling-
EXAFS). E; = 6547 eV. The shown parameters have been derived
from simulations of the spectra depicted in Figure H; (per Mn)R
(A)lai (A). © Continuously illuminated at 200 K as described in Materials
and Methods.

20K

RT (sampling-XAS)

subshells of backscatters, the fit results for the more distant
coordination shells are only marginally affected.

Second Coordination Sphere (atoms linked to At a
single intewening atom)Recent crystallographic resul&
61) confirm previous findings of mutagenes®&2(-65) and
XAS experiments, 23, 26) that the Mn ligand environment
in the MnyCa complex of PSIl is characterized by a high
thumber of bridging ligands and a relatively low number of

measured at room temperature by the sampling-XAS technique. quently, the number of light atoms (O, N, and C) in the
Experimental data are depicted with dots; smooth lines representsecond coordination sphere of the X-ray-absorbing Mn is

simulations with parameters given in Table 2. The right column
showsk3-weighted EXAFS oscillations in thk space after zero
(black), one (blue), two (red), or three (green) illuminations (see
Materials and Methods for details). The left column shows the
respective Fourier transforms (FTs) of the experimental EXAFS
oscillations. FTs were calculated with cosine windows extending
over 10% of thek space at low or highk values and fok values
ranging from 1.8 to 11.8 A (A), from 1.8 to 11.4 A1 (B), and

from 1.8 to 9.9 A1 (C).

it leads to a systematic underestimation of the coordination
number and mean Mrligand distance, and to low-quality
simulations (relatively higlir- value) (7, 22). Therefore, in
Table 3B, the radial distribution of first-sphere ligands is
described by a sum of two Gaussian functions formally
corresponding to a simulation with two distinct subshells of
first-sphere ligands. To minimize the number of variable
simulation parameters, the individual coordination numbers

low, so their contribution to the EXAFS oscillations in the
distance range from 2.5 to 3.4 A becomes negligibly small
in the presence of strong EXAFS oscillations stemming from
backscattering by Mn and Ca atoms. The second Fourier peak
is dominated by the particularly strong 2.7 A MMn
EXAFS (7, 23, 26) already considered in the simulation
approach of Table 3A. In the refined simulation approach,
an additional contribution from backscattering by heavy
atoms around 3.3 A is considered which affects both the
second and third FT peaks. The presence of a Ca ion 3.3
3.5 A from, presumably, two Mn ions has been demonstrated
(66—69). Additionally, a Mn—Mn distance of>3 A is also
assumed to be presem £7). By a joint fit of a time series

of spectra $7) or by analysis of the linear dichroism in the
EXAFS of partially oriented sample®3, 54), it became
practicable to resolve the individual MiCa and Ma-Mn
distances. By simulation of a single EXAFS spectrum,

of the subshells were fixed (meaning invariable) in the course however, this remains impossible. Therefore, in the refined

of the simulations. Their sum was chosen to be between Ssimulation approach, these two shells are merged into a single
and 6, namely, 5.5, to account for the possibility that some backscatterer shell. We note that, because of the significant
of the Mn ions are six-coordinated whereas others may bedistance heterogeneity, this backscatterer shell contributes
five-coordinated. For S-S, good fits were obtained for  only weakly to the EXAFS oscillations7). Therefore, an
equal values of the two subshell coordination numbers, independent determination of coordination number and
whereas for § only a pronouncedly asymmetric distribution value cannot be achieved. We employed a fixed value of
leads to high-quality simulations (see Table 3C). We note 1.0 for the EXAFS coordination number which corresponds
that by using different approaches to model the distanceto a single Ma-Mn vector and two Mr-Ca vectors per
distribution function of the first coordination sphere by two tetramanganese complex.
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Ficure 5: EXAFS spectra of the Mn complex in four S-states.
(A) Spectra measured at 20 K (illumination-freeze approach). (B)

Spectra measured at room temperature by the flash-and-rapid-sca

technique. The depicted spectra result from deconvolution of the

spectra shown in Figure 4; they can be attributed to the pure S-states®
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Mn—Mn distance is significantly elongated and thealue
significantly increased, pointing to the presence of one-Mn
Mn distance close to 2.7 A and of a second one greater than
2.8 A

Number of 2.7 A MaMn Distances per MnComplex
To corroborate the determined values for the EXAFS
coordination numbers of the 2.7 A MiMn vector, the extent
of correlation between the coordination number and Debye
Waller parameter was systematically studied (Figure 6). By
varying these parameters of the 2.7 A shell, we investigated
whether the best fits shown in Table 3B correspond to the
absolute minima in the fit error. Figure 6 shows the error
factors Rr) obtained from the respective simulations of the
20 K data using a five-shell approach (see the figure legend)
for all four S-states. The frequently used Fourier isolation
method was avoided because it is potentially misleadihg (
Instead, a particularly stringent way of exploring the error
surface was used: The coordination number ahdalue
of the 2.7 A shell were varied in small steps, and for each
(N27 and 02 7) pair, a full simulation (meaning curve fit)
was carried out using the refined simulation approach
described above. The alternative way to explore the error
surface by variation dfl, ; ando, 7 without a renewed curve
fit is clearly less meaningful because the fixed simulation
parameters of neighboring shells introduce a distinct bias.

Noteworthily, the error shown in Figure 6 is the Fourier-
filtered R-factor which represents the deviation between

Iéxperimental spectra and simulations in percent for the

ontributions in the EXAFS corresponding to the FT distance

In the left column, the FTs of the experimentally obtained EXAFS range of 1.6-3.5 A. (ThisRr value was calculated by means

data are displayed using colored solid lines; in the right column,
the experimental EXAFS oscillations are depicted using colored
dots (black for g, blue for S, red for S, and green for §. Black

lines represent simulations of the experimental spectra using the

parameters listed in Table 3B (see the text for details). The

of a Fourier isolation approach, but only after completion
of the fit process; the fit process itself did not involve any
Fourier filtering.) By calculation of th&e value for the FT
distance range from 2 to 3.0 A, the deepness of the absolute

respective Fourier transforms were calculated with parameters givenminima increases pronouncedly so that i f8r example,

in the legend of Figure 4.

Third Coordination Sphere (more remote scatterePgak

IIl'in the Fourier-transformed EXAFS spectra also seemingly 6

contains contributions from the Mrvin,Ca vectors>3 A
in length and, most likely, also from backscatterers-8t6
A. The inclusion of a shell of light backscatterers-&.6 A
improves the fit quality significantly 4, 22, 57). In the
EXAFS of Mn-depleted PSII containing only two Mn ions
at a Mn—Mn distance of 2.7 A, the magnitude of the third
Fourier peak is found to be only slightly diminished, strongly

the lowestR: values forN, 7 andN; 7 of 1.0 and 1.5 become
6 and 14, respectively, corresponding to in increade-iaf
~130% (71), as compared to an increase~a85% in Figure

The contour plots of the error factor shown in Figure 6
are similar for $ and S but differ distinctly for S and $
spectra. In $and S, minima of the error are found &t; 7
values of~0.75 and~1.0, respectively, but only the latter
value is associated with a positivg 7 value. In S, minima
are found afN, 7 values of 1.5, 1.25, and 1.0, but only for

suggesting that light backscatterers make a major contributionthe minimum at 1.5 is the 7 value positive. Since zero or

to the third FT peakJ7, 70). We tentatively assign this

negativeo? values can be dismissed as physically unreason-

distance to the first-sphere oxygen (but third-sphere ligand @ble, the contour plots indicate that the valueNaf; is 1.0

with respect to the X-ray-absorbing Mn) bound to Mn in
the second coordination sphere of the X-ray-absorbing Mn
according to the MisoPeLy-Q—\Mnsecondsphete (scattererm gl
Again, a fully independent determination of the EXAFS
coordination number analvalue is not possible; high-quality
fits are obtained for EXAFS coordination numbers ef2
The refined, knowledge-based approach results in signifi-
cantly improved simulations (Table 3B). With respect to the
2.7 A Mn—Mn vector, however, the conclusions remain

in S; and S but increases from 1 to 1.5 from® .

In S, the contour plot reveals an absolute minimum at
1.0 and two relative minima a\l, 7 values of~0.7. In the
Mn,4 complex of PSII, reasonable values fayr; are multiples
of 0.5 (0.5, 1.0, 1.5, ...) so that relative minima around 0.7
suggest a “real’N,; value of either 0.5 or 1.0. At aN,7
value of 0.5, howevei, 7 is approximately zero (physically
unreasonable) and the error is significantly increased.
Therefore, and because the absolute error minimum equals

unaffected. Both 20 K and RT results indicate the presencel.0, we tentatively conclude that aN,; value of 1.0

of two such vectors per Mncomplex in §, S, and $
(EXAFS coordination number of-1.0), but three in §
(EXAFS coordination number of1.5). In &, the mean

represents the more likely alternative. We note that because
of the shallowness of the error surface i) &1 N,7 value
of 0.5 cannot be excluded rigorously.
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Table 3: Simulation Parameters for the EXAFS Spectra of the Pure S<States

N (per Mn)R(R)/ai(A)

Mn—0O,N° Mn—0O,N° Mn—Mn® Mn—Mn,Ca Mn—O,N,C R (%)
(A) Two-Shell Simulation Approach
20K S 4.49/1.851/0.110 1.16/2.712/0.041 26.5
S 4.48/1.849/0.091 0.96/2.711/0.033 21.1
S 4.82/1.844/0.082 1.59/2.742/0.043 23.9
S 4.65/1.872/0.103 1.09/2.763/0.072 37.9
RT S 4.13/1.850/0.113 1.08/2.715/0.087 36.6
S 4.33/1.840/0.111 1.12/2.705/0.083 38.5
S; 4.80/1.849/0.078 1.62/2.735/0.061 38.4
S 4.25/1.855/0.125 1.10/2.776/0.100 44.0
(B) Five-Shell Simulation Approach
20K S 2.75/1.812/0.074 2.7%1.978/0.098 0.96/2.716/0.028 19®218/0.105 2.518.663/0.076 12.9
S 2.75/1.813/0.081 2.7%1.919/0.094 0.93/2.714/0.031 14®256/0.093 2.518.628/0.085 13.8
S; 2.75/1.803/0.031 2.7%1.938/0.058 1.49/2.744/0.039 19®156/0.104 2.518.711/0.087 12.7
S 4.5(:/1.872/0.104 1.012.297/0.039 0.90/2.774/0.064 14®112/0.089 2.508.653/0.073 17.2
RT S 2.75/1.833/0.091 2.7%2.017/0.154 1.04/2.711/0.088 19®135/0.105 2.5(¢/3.693/0.082 18.2
S 2.75/1.801/0.114 2.7%1.909/0.108 0.93/2.702/0.078 14®171/0.105 2.5(+/3.650/0.082 21.1
S5 2.7%/1.797/0.155 2.7%1.865/0.047 1.53/2.741/0.071 19®076/0.105 2.5(:/3.674/0.082 19.9
S 4.5(/1.853/0.118 1.002.375/0.055 1.02/2.762/0.102 14®198/0.105 2.5(:/3.673/0.082 24.5
(C) Specific Simulation Approaches
20K S 2.75/1.809/0.073 2.7%1.961/0.095 0.512.686/0.025 1.00/3.207/0.114 2.508.645/0.076 12.3
0.5(:/2.739/0.025
S, 2.75/1.805/0.089 2.7%1.901/0.091 0.512.684/0.025 1.00°/3.250/0.097 2.518.613/0.080 14.3
0.5(:/2.738/0.025
S 3.007/1.804/0.045 3.011.939/0.066 1.47/2.743/0.039 14®166/0.099 2.508.716/0.078 12.8
3.00/1.806/0.050 3.011.938/0.068 1.51/2.743/0.038 0°60169/0.075 2.508.697/0.091 12.7
3.00/1.805/0.048 3.011.937/0.069 0.592.727/0.025 0.50+/3.182/0.063 2.518.704/0.080 135
0.5(:/2.727/0.025
0.5(:/2.774/0.025
S 4.5(/1.872/0.103 1.012.296/0.039 0.512.720/0.025 1.00v/3.102/0.078 2.508.645/0.074 15.2

0.50/2.841/0.025

aN;, coordination number per Mn atorR;, distance between the absorbing Mn and the backscatter&ebye-Waller parameterRg, filtered
error factor calculated fdR values ranging between 1 and 3.522(. Shown are the results of simulations of the deconvolitesieighted EXAFS

oscillations of four S-states (see Figure 5). Simulations were performed on spectra measured at 20 K and RT by the flash-and-rapid-scan technique.

bN; (per MN)R (A)/o; (A). ©Not varied in the simulations.Continuously illuminated at 200 K as described in Materials and Methods.

Estimate of Indiidual Mn—Mn Distances Because the  other two are 2.73 A in length. In,Sseemingly the length
thermal activation of dynamic contributions becomes neg- of one of the contributing vectors is close to 2.72 A, whereas
ligible small at 20 K, ther values of the 20 K data set (Table the length of the second one is greater than 2.80 A. (The fit
3) mostly reflect static distance heterogeneities determinedresults in Table 3 indicate a distance of 2.84 A. Because of
by chemical factors. It is shown above thatin S, and $ significant noise contributions in the, Slata, the accuracy
two Mn—Mn vectors contribute to the 2.7 A EXAFS, of the fit results is poorer than in the other S-states. A
whereas in § there are three such vectors perjomplex. distance shorter than 2.8 A, however, cannot be reconciled
For these MA-Mn vectors~2.7 A in length, theo value with the EXAFS data.)
mostly reflects the length differences between the individual
contributing vectors. To illustrate this aspect, simulations DISCUSSION
were carried out in which each individual vector of the 2.7  Temperature DependencEor the first time, it became
A shell is described by an individual length and a common, possible to measure XANES spectra at room temperature
relatively small, intrinsico value is used for the individual  (for all S-states), facilitating judgment about the role of
shells (Table 3C). (This intrinsio value accounts for the  temperature-dependent redox equilibria. The XANES spectra
static distance spread due to an assumed continuous distribueollected at 20 K and room temperature are found to be
tion of multiple conformations of the Mn complex and its identical within the noise limit, suggesting that in all S-states
protein environment. We note that its precise value is the localization of the accumulated oxidizing equivalents is
unknown, and the choice of this intrinsicvalue affects the  temperature-independent. Furthermore, the same basic struc-
then determined distances.) tural features with respect to the primary ligands of Mn

Using the approach described above, we determine indi- (coordination number and geometry) are suggested by the
vidual Mn—Mn distances of 2.69 and 2.74 Ain &nd S, XANES detected at 20 K and RT. The EXAFS spectra
respectively, demonstrating that the length of the two collected at 20 K and RT differ visibly, but only due to
contributing Mn—-Mn vectors may differ by~0.05 A. thermally activated nuclear motions at RT (see als@gf
Seemingly not only the average distance but also the The simulation results indicate that there are only insignifi-
individual distances remain approximately unchanged when cant temperature-dependent changes in the absobbek-
the complex advances from ® S,. The simulation result  scatterer distances. Thus, for all S-states, temperature-
obtained for Sillustrates that one of the three contributing dependent changes in the protonation state of theako
Mn—Mn vectors could be as long as 2.77 A, whereas the bridges can be safely excluded. In conclusion, structure and
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Ficure 6: Contour plots of théR- values from simulations of EXAFS spectra of the four S-states. Rihealues are depicted for the
respective pairs af? (Debye-Waller parameter, in square angstroms) hlag (EXAFS coordination number of the 2.7 A MiMn vector,

per absorbing Mn ion) values in the form of a contour plot. The spacing between the lines is 1.5%. Simulations have been performed using
a five-shell approach (see Table 3B) for all S-state spectra measured at 20 K shown in Figure 5A (for details, see the text). Numbers in
represent rounded values & at the indicated positions. Red and orange colors denote the IBwgatues and, thus, the best fits. Below

the dashed lines, the Deby®Valler parameter acquires physically unreasonable negative values.

crucial electronic properties (oxidation states) of the PSIl eV is at the lower limit of the range considered in 4dfbut

Mn complex seem to be largely temperature independent.remains suggestive of Mn-centered oxidation also in the S
For all S-states, it holds that a temperature-dependent redox— S; transition.

isomerism is not observed and that there are no indications  Comparison of the difference spectra for the oxidizing

for relevant protonation state differences. transition of Figure 2 and of the ones reported in 48f
XANES and Oxidation State Changes in the S-State Cyclereveals that principally the same changes in the XANES are
Single-electron oxidation of Mn causes a shift of the K-edge observed in both investigations. However, using the inflec-
to higher energies which mostly falls in the range of-8.4 tion-point (IP) method (edge position energy defined as the
1.2 eV (normalized to allow for comparison with the Mn  zero-crossing point of the second derivative), in48edge
complex of PSII) ¢, 11-14, 72, 73). In this work, we shifts of 2.1 eV for the §— S, transition, 1.1 eV for the S
determine for three oxidizing transitions an upshift of the — S, transition, and 0.3 eV for the,S-S; transition have
edge position by 0:60.8 eV for data collected at 20 K and been reported. As demonstrated and extensively discussed
RT (Table 1), pointing toward one-electron oxidation of Mn elsewhere?), the IP method may be generally inappropriate
onthe 3 — 5, S — S, and $ — S transitions. for mixed-valence complexes, and its use is particularly
The occurrence of Mn-centered oxidation in the-SS; problematic whenever the shape of the K-edge spectra
transition is still disputed2d, 25, 39, 41, 44). In a previous ~ becomes modified as a consequence of changes in the
XAS study at 20 K 41), we determined for this transition ~ coordination geometry. [Also, the innovativeg fuorescence
an edge shift by 0:61.3 eV, depending on the details of analysis in refs3 and81 appeared to support the absence
the deconvolution procedure and the method used to of Mn-centered oxidation in thezs_’ S{gtranSition; however,
determine edge positions_ It has been arguéﬂ '(hat the (l) it is doubtful that the 3p'3d eXChange interaction
re|a‘[ive|y |arge $ — S shift of our previous work 41) preSUmably Underlying the oxidation state SenSitiVity of the
originates from imprecise deconvolution resulting from the Kj fluorescenceq?) is insensitive to a coordination number
neglect of centers blocked in.Sn the work presented here, ~change, and (ii) the data presented in4&tre significantly
we estimated the fraction of PSII blocked in@h the basis  affected by X-ray photoreduction and the extrapolation to
of Chl fluorescence measurements and considered thisthe zero-exposure limit is problematic.]
fraction explicitly in the deconvolution procedure (Supporting  Undisputed specifics of the XANES changes in the-S
Information, Il). The thus obtained edge shift value of 0.7 S; transition are a particularly pronounced absorption
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decrease at 6550 eV (marked by the filled arrow in Figure comparable to the maximum dose used here, in the EXAFS
2) and an absorption increase at 6558 eV (empty arrow in study reported in re42 the dose may have been considerably
Figure 2). By full-multiple-scattering simulations (FMS) of larger. Because a pronounced decrease in the magnitude of
edge spectra on the basis of self-consistent poteni&s (  the first and second Fourier peaks results from prolonged
supplemented by comparative molecular orbital (MO) con- X-ray exposure (unpublished results), this aspect of the
sideration, we recently have found that the changes in edgeexperiments also needs to be considered as a potential source
shape and position observed for the-S S; transition are of diverging results.
straightforwardly explained by a transition from five- The protocol used in redl5 for the S-state population
coordinated MH to six-coordinated MM (7, 76). Compara- involved the use of FCCP, a noninnocent reagent causing
tive experimental studies on synthetic Mns complexes destabilization of $and S, and at higher concentrations
versus the M Lg complex have not been approached, but presumably also reduction of the &d $ complex 6, 87,
studies on complexes of other transition metals (e.g., refs 88). Nonetheless, the similarity of the EXAFS data strongly
77—80) support the rationale outlined in refsand 76. suggests that there are no relevant differences between the
The transformation of MHALs to Mn'VLg is in agreement  Sy-state created by a protocol involving ADRY reagents (in
with the observation that, in contrast to the other oxidizing ref 45) and the native @state created purely by flash
S-state transitions, the average Migand bond length illumination (this work). In ref45, the presence of three Mn
becomes not shortened in the S S; transition. Further- ~ Mn vectors 2.72.9 A in length in the §complex was
more, the formation of an additionaltoxo bridge during suggested, a proposal mostly based on analysis of Fourier-
the S — S; transition provides a straightforward rationale filtered data. Avoiding this potentially misleading approach
for explaining the coordination number change as discussed(7, 71), in the work presented here, we obtained no evidence
further below. supporting the presence of three MiIn distances of 2.7
We conclude that the XANES data do not provide any 2.9 Ain S,
indication for a ligand radical in S Further investigations Bridging-Mode Changes in the S-State Cy@lee distance
may be required to answer definitively whether and to what between Mn ions is closely related to the connecting single-
extent spin density is acquired by Mn ligands during the atom bridges. Comparison with synthetic models reveals the
S,—S; transition. following (89—96; survey of Cambridge Structural Data
The following absolute redox state assignments are sup-Base). (i) Mn-Mn distances of 2.652.75 A are exclusively
ported by various spectroscopic studies pa8d $ and, to found for Mn ions connected by unprotonatedue®xo
a lesser extent,o37, 13, 23, 27, 41, 43, 44, 83, 84; but see bridges, mostly in the form of a MnA(u.-O),—Mn motif,
also refs85 and 86): Mnj""\V.V- or MnILILV - for S, but (rarely) also in form of a M# (u2-O)(us-O)—Mn motif
MngtIVIV - for S, Mn,MVIVIV for S, and MnyVIV-VIV - for (discussed in ref71). (ii) Lengthening of the Ma-Mn
S;. The above conclusions about oxidation stdtangesand distances by~0.1 A is expected for protonation of one
the following discussion of structural changes do not depend bridging oxygen in a di+-oxo-bridged unit, resulting in a
on the absolute Mn oxidation state assignment. distance of 2.8 2.9 A in a Mn—(u-O)(u-OH)—Mn unit (93).
Consistency of the EXAFS Resullisthis work, we assess  (However, Mn-Mn distances in this range are also found
structural changes of the Mn complex on the basis of EXAFS for a variety of other structural motifs.) (iii) If two Mn atoms
spectra that have been obtained by three different methodsare connected by a monseoxo bridge (possibly supported
(1) at RT using the time scarsampling-XAS technique, (2) by further polyatomic bridging ligands) but not by an
at RT by the flash-and-rapid-scan technique, and (3) at 20 additionalu,-O or u,-OH Mn—Mn bridge, distances greater
K using the flash-and-freeze approach. For all three methods,than 2.9 A (2.9-4.0 A) are expected. (iv) In general, changes
the rate of X-ray photoreduction was studied quantitatively, in Mn—Mn distances of more than 0.05 A cannot be
leading to experimental conditions which ensure that the explained by mere Mn oxidation, but by modifications of
X-ray-induced modifications are negligible (Supporting the Mn—Mn bridging mode.
Information, 1). The obtained results do not depend critically  In PSII, for two of the oxidizing transitions of the S-state
on the details of the deconvolution procedure (Supporting cycle (S — S, and $ — S3), the Mn—Mn distances are
Information, II—1V). Consistently, all three methods point found to change significantly, thereby immediately suggest-
to the same structural change in the respective S-stateing modifications of the Ma-Mn bridging mode. There are
transition. no indications for bridging mode changes during the-S
Prior to deconvolution, we observe an increase in the S, transition.
magnitude of the first two peaks in the Fourier transforms  For the $ — S; transition, the observed increase in the
of the EXAFS oscillations in response to the second flash number of Mn-Mn distances in the range from 2.65 to 2.8
of light (S; — Ss). As anticipated, this increase is enhanced, A can be explained by formation of a third giexo-bridged
but certainly not created, by the deconvolution procedure Mn—Mn unit. The length of a single one of the three Mn
and is fully reproducible (see the Supporting Information, Mn vectors might be close to 2.8 A (Table 3C) so that the
Il and IV). In ref 42, however, a particularly low magnitude presence of a singly protonated (diexo bridge is not
of the second FT peak was reported foy samples. In excluded. The transformation of a mopesxo bridge (in
contrast to the results in ref® and43, in this work a buffer S and 9) to a diu-oxo bridge (in ) is not proven, but
containirg 1 M glycine betaine is used and the thin, partially compatible with the EXAFS data (disappearance of the 3.2
dehydrated samples are clearly more concentrated. Such distance during the S— S; transition, Table 3B,C). The
subtle differences might affect the structure of the Mn XANES spectra point toward transformation of five-
complex in $. Whereas in re#i3the X-ray dose accumulated coordinated Mif to six-coordinated MM, leading to the
by the PSII samples in the course of the experiment has beerproposal that the terminal oxygen of a Miills the vacant
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FIGURe 7: Scheme of structural changes of the Mn complex in the
water oxidation cycle. For clarity, only three Mn ions of the Mn

Ca complex are shown which suffices to illustrate the putative
modifications in the structure of the complex. The #vin
distances derived from the EXAFS are indicated. The omitted fourth
Mn is assumed to be connected to one of the depicted Mn ions by
a di-u-oxo bridge leading to a further MaMn vector of ~2.7 A

(in all S-states). One Ca ion (not shown) presumably is connected
by two or more bridging oxygen${O, u-OH, andu-OH,) to two

or more Mn ions. As an alternative to the depicted-Mn,-O),—
Mn—(u-O)—Mn motif in the § complex, a MBa—(u,-O)(us-O)
motif might be present which then is transformed into asMfa.-
O),(u3-0O) unit in the $ — S transition. Single-electron oxidation

of manganese is assumed to occur grSS;, S — S, and S —

S; transitions, but only the oxidation state of the five-coordinated
Mn'" (in S;) which is transformed into a six-coordinated Migin

S;) is indicated by Roman numerals inside of the respective Mn

Biochemistry, Vol. 44, No. 6, 20051905

free energy change of100 meV @8), suggesting that all
oxidizing S-state transitions need to proceed at a midpoint
potential of the Mn complex that is by ony100 meV lower
than the %% potential 1 V (98—101); in S the potential
difference might be~250 meV (00)]. In a complex of four
electronically coupled Mn ions, any “pure” Mn oxidation is
expected to lead to a significant increase in the midpoint
potential of the following oxidation sted 02 103). Ligand
deprotonation and especially bridging mode changes coupled
to Mn oxidation may counteract the potential increase
anticipated for pure Mn oxidatior.04—108).

How is an approximately constant redox potential of the
PSII—Mn complex maintained in four successive oxidation
steps? On the basis of the EXAFS results discussed above,
we propose that, on theS> S; transition, the deprotonation
of a bridging hydroxide limits the potential increase. The S
— S, transition, however, seems to be a pure Mn oxidation,
meaning that potential-lowering deprotonation and bridging-
mode changes do not take place. The potential of the thus
reached Scomplex will be too high for oxidation by »*
in a pure electron transfer step. We propose that the potential-
lowering deprotonation and-oxo bridge formation of the

— $; transition proceed prior to or, more likely,
concomitantly with the Ma— Y z°* electron transfer (proton-
coupled electron transfer). How the S S, transition is
facilitated remains obscure.

The presence of the di-O bridges formed during theyS
— §; and S — S transitions may also be mechanistically
important for the $ — S, — & transition, the oxygen-
evolving transition itself. According to Figure 7, in the
oxygen-evolving step, the bridging oxides may serve as
intrinsic bases which accept protons upon the oxidation of

sphere. Ligand deprotonation and rearrangement presumably takingvater, thereby reversing the deprotonation events of the
place in the subsequent S-state transition are emphasized usingxidizing S-state transitions, as discussed elsewhere in more

dotted arrows. In & dotted circles mark the sites where bridging
oxides may act as proton acceptors in the§S, transition, the
oxygen evolution transition.

coordination site of a previously five-coordinated 'Wn
thereby forming a second-oxo bridge between Mn ions
previously connected by a single bridging oxide (Figure 7).

In S, the EXAFS analysis is suggestive of the presence
of two Mn—Mn vectors with distinctly different lengths: one
close to 2.7 A {2.72 A) and the second one slightly longer
than 2.8 A (2.84 A). The alternative option of a single
Mn—Mn vector ~2.75 A in length is not fully excluded,
but appears to be less likely. It is proposed that, during the
S — S transition, a Ma-(¢-O)(u-OH)—Mn unit is trans-
formed into a Mi-(u-O),—Mn unit.

The proposed bridging-mode changes in the S-state cycle

and the putative relation to (de)protonation of Mn ligands
are schematically depicted in Figure 7; for a more detailed
discussion, see r&f7. We note that structural motifs as yet
not covered by model chemistry might broaden the range of
possibilities for translating the presented XAS data into
structural models. Further studies are required to confirm
the hypothetical structural cycle of Figure 7 and to obtain a
more detailed picture of structural changes and localization
of the accumulated oxidation equivalents.

Mechanistic Implicationsln the oxidizing S-state transi-
tions, Yz°* successively oxidizes the Mn complex in one-

electron steps. Each step is characterized by an estimated

detail 23). This view is in line with the observation that the
water protons which are likely removed in the oxygen-
evolving step mostly are not released into the baix( 110).

In summary, a dual role of bridging oxides is proposed. (i)
In the Mn-oxdizing transitions, bridging-mode changes
counteract a potential increase. (i) In the—O bond
formation step, bridging oxides facilitate water oxidation by
accepting substrate-water protons.
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